The high-pressure and high-temperature behaviors of sodium chloride (NaCl) have the fundamental and application significance to the high pressure physics and chemistry. To explore the reactivity of NaCl at high pressure and high temperature, we compressed the NaCl samples to pressures up to 85 GPa and heated them to a temperature of 1800±300 K by using the diamond anvil cell and the double-sided laser heating technology. Our investigation of Raman spectroscopy shows that NaCl decomposes to NaCl 3 with orthorhombic Pnma structure plus possible Na 3 Cl with tetragonal P4/mmm structure above 31 GPa. It shows that the competition of the unusual Cl-Cl covalent bond and Na-Na metallic bond with the Na-Cl ionic bond at high pressure and high temperature may prefer the occurrence of the NaCl 3 and Na 3 Cl combination. We speculate that the large temperature gradient in the NaCl sample layers in the diamond anvil cell experiments, which indicate a non-equilibrium state, is critical to the decomposition reaction of NaCl observed in this study. The catalytic effect of the used laser absorbing materials of transition metal oxides could be another factor to promote the chemical reaction of NaCl. The results of this investigation provide a new pathway to investigate the distinctive non-1:1 stoichiometric alkali metal-halogen compounds that may have exotic properties.
Introduction
Sodium chloride, NaCl, a prototype of ionic crystal, has been investigated extensively from various experimental and theoretical aspects [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . The conventional ionic bond model indicates that the nature of Na (Cl) atom prefers to lose (gain) an electron to form monovalent cation (anion) with stable noble gas electron configuration agreeing with the octet rule. The primary ionicity of Na-Cl bond dominates the structure and properties. The charge neutrality rule constrains the Na-Cl system to form only one stable bulk solid of NaCl with 1:1 stoichiometry at ambient conditions. The electrostatic interaction between the closed-shell Na + cation
and Cl -anion leads to the formation of a crystal in which the ions are stacked in an alternating fashion along the three dimensions to form the cubic structure (B1, Fm3m).
The high lattice energy (786 kJ· mol -1 ) [13] demonstrates the prominent stability of NaCl crystal.
Recently, the experimental and theoretical studies indicate the stability of various specimens of Na-Cl system at unconventional conditions [14] [15] [16] . The 2D crystals of Na 2 Cl and Na 3 Cl were observed depositing at the surface of graphene and graphite from the NaCl dilute solution [14] . A series of Na-Cl compounds of different stoichiometries were predicted to be stable at high pressures, and NaCl 3 and Na 3 Cl bulk solids have been synthesized by chemical reactions of NaCl + Cl 2 and NaCl + Na at high-pressure and high-temperature (HPHT) conditions [15] . These compounds display the various atomic interactions of Na-Na metal bond, Cl-Cl covalent bond as well as Na-Cl ionic bond. The analogous compounds of alkali halides with unusual stoichiometry such as KCl 3 , K 3 Cl and KBr 3 have also been synthesized under pressure [17, 18] . The atomic arrangement of these non-1:1 stoichiometric compounds resembles to the geometry of the low-dimensional specimens of alkali halides such as Na m Cl n clusters and NaCl 3 molecule [19] [20] [21] [22] [23] . It is worth highlighting that the nonlinear and unsymmetrical trichloride anion (Cl 3 -) in the NaCl 3 bulk solid is consistent with that of in the NaCl 3 molecule [23] [24] [25] . It seems that the competition of various chemical bonds in the Na-Cl system is responsible for the stability of non-1:1 stoichiometric compounds at unconventional conditions.
The high pressure behaviors of NaCl have been studied generally due to the fundamental significance as well as the wide technological applications such as the pressure scale [26, 27] and thermal insulator [28] [29] [30] in the HPHT diamond anvil cell (DAC) experiments. It transforms to the CsCl-type structure (B2, Pm3m) at about 30
GPa and remains stable up to 300 GPa at room temperature [31, 32] . At higher pressure above 300 GPa, the NaCl B2 phase was predicted changing to the orthorhombic polymorphs of oC8, oI8 and oP16 structures, in which the identical ions of both Na and Cl bond to form the chains, layers or frameworks and display the metal conductivity [33] . Although the chemical properties and bonding behaviors of Na and Cl may alter drastically at extreme pressure, it is generally considered that NaCl remains stable in the wide pressure range and will not spontaneously decompose into other compounds [15] . As a result, the existing synthesized experiments of different stoichiometric alkali halides employed the reactions of stoichiometric alkali halides with excess of either alkali metal or halogen [15, 17, 18] .
The previous HPHT experimental studies on NaCl focused mainly on the pressure (P) -melting temperature (T) relationship [6, [34] [35] [36] , the B1-B2 P-T phase boundary [37, 38] , and the P-V-T equation of state [39, 40] . The identification of specimens by X-ray diffraction (XRD) in these experiments was restricted to either pressure lower than 30 GPa or temperature no more than 1000 K. Raman spectroscopy was absent in these kinds of study. It is noticed that, however, there were actually tens or hundreds of laser-heating HPHT experiments using NaCl as thermal insulator and pressure scale to carry out the XRD measurement at wide pressure and temperature ranges, for example, Shen et al [41] . Almost all of these studies indicated the stability of NaCl in equilibrium. Nevertheless, there were a few unusual observations. Dewaele et al [29] reported the XRD evidences of Ta reacting with NaCl at HPHT conditions. The reaction products remain unknown. Recently, we conducted the experimental study on chemical reaction of NaCl with O 2 at high pressure of about 55 GPa and high temperature of 1500-2000 K. The Raman measurements validated the unanticipated occurrence of NaCl 3 [42] . It is obviously different from the recognition that alkali metal perchlorates, such as NaClO 4 and KClO 4 , which are usually used as oxidizing agents in material synthesized experiments [43, 44] , decompose to alkali halides and O 2 at HPHT conditions [45] .
Those unusual observations prompt us to explore the stability and chemical reactions of NaCl at certain HPHT environments. Here we report the Raman observations revealing clearly the chemical reaction of NaCl at HPHT.
Experimental details
The NaCl powder with 99.99% purity was dried in an oven at ~400 K for more than 24 hours before used as experimental sample. It displays no Raman band in accord with group theory analysis of its B1 phase. The HPHT experiments were conducted by using the symmetric Mao-Bell-type DAC and the micro-laser-heating equipment. The diamond anvils with 300-μm and 200-μm culet were used to generate pressure below 60 GPa and 85 GPa, respectively. T301 stainless steel gaskets were indented to a thickness of 30 (25) about one third of the sample hole diameter was sandwiched between NaCl sample layers and loaded into the sample chamber. A few fine ruby chips were loaded as pressure marker [46] . The samples were pressed directly to the desired pressures at room temperature, and then heated from both sides by a 100 W SPI fiber laser of 1.07-μm wavelength. The laser beam was focused to a spot of ~20 μm and scanned on the LAM to heat the NaCl sample for about 10 min. Thermal radiation spectra from both sides of the sample were measured using a CCD imaging spectrometer and fitted to the Planck black-body radiation function to determine the temperatures [28] . The experimental temperatures were measured to be 1800±300 K. We permitted the obvious temperature uncertainty since the sample configuration described above inevitably results in obvious temperature gradient in the NaCl sample [47] [48] [49] [50] .
It is necessary to use the LAM to heat the NaCl sample since NaCl is transparent to the near-infrared laser beam. We have used Fe 2 O 3 , Cr 2 O 3 , FeO, MgMnO 3 , and Pt as LAMs in this study. The identical Raman spectra assured the measured data were independent of the LAMs. In the following, the displayed Raman data were obtained from the Fe 2 O 3 as absorbing material experiments except the special statement.
Raman spectra were measured after the experimental samples were heated and quenched to room temperature. A Renishaw 2000 micro-Raman spectrometer with exciting lasers of 532, 633, and 785 nm wavelength was used to record the spectrum in the backscattering geometry. Unless otherwise specified, the 532 nm laser was used as exciting light source in this study. A 20× long working distance objective was used to focus the exciting laser beam to ~3 μm diameter and to collect the Raman scattering. A thermoelectrically cooled CCD detector was equipped to collect the scattered light dispersed by a 1800 lines/mm grating with a resolution of ~1 cm -1 . The measured spectrum range is 100-1200 cm -1 and the acquisition time is 10 s for each spectrum. Table 1 . NaCl solid transforms from B1 phase to B2 phase (Pm3m) at pressure of ~30
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Raman features of the thermal-treated NaCl at high pressures
GPa [31] and remains stable up to at least 300 GPa at room temperature [32] . Group theory predicts that the B2 phase of NaCl has no Raman-active vibration and only one infrared-active band (T 1u ). It agrees with the experimental observation when we compressed the NaCl sample to 54.4 GPa before heating. The observed Raman spectra of the sample shown in Fig. 1 are obviously not resulted from the vibration of the NaCl B2 phase, and therefore, there must be other Na-Cl compounds in the sample system responsible for the measured Raman scattering. It is clear that these Na-Cl compounds are produced by the chemical reaction of NaCl at the experimental HPHT environments. This observation is definitely different from most of the reported experimental measurements about the stability of NaCl at HPHT. 
Products of NaCl chemical reaction at high pressure and high temperature
We noticed that the Raman spectrum consistent with measured in this study was presented in two literatures [15, 30] . Fig. 3 shows the Raman spectra of 54.4 GPa confirmed by XRD measurement. The band frequencies of the three experimental spectra shown in Fig. 3 were presented in Table 1 . The nearly identical spectral profiles of curve b and curve c suggest that the experimental products of NaCl chemical reaction at HPHT in this study contain the Pnma-NaCl 3 . dramatically by losing the intensity and increasing the width indicating its instability.
It agrees with the decomposition reaction of NaCl 3 observed previously [15, 42] .
In addition, it can be seen that a band marked by asterisk in several measured
Raman spectra in Fig. 4 and become weak again and disappear finally at about 9 GPa. The pressure behavior of this band is clearly distinct from the other bands suggesting it is neither the fundamental vibration nor the overtone of the Pnma-NaCl 3 . We consider that it is attributed to the other compound produced by the chemical reaction of NaCl at HPHT, and the candidate is possibly the Na-rich member of the Na-Cl system. Although several compounds such as Na 3 Cl, Na 2 Cl and Na 3 Cl 2 have been predicted to be stable at different pressure regions, the only synthesized Na-excess member in the Na-Cl system is the tetragonal P4/mmm-Na 3 Cl. It is prepared by the reaction of NaCl + Na at HPHT [15] . To verify the Na-rich member of the Na-Cl system produced in this study, we present several Raman spectra measured at various show the nearly identical profile, even though they are measured in different sample systems, i.e., one is only NaCl and the other NaCl + Na. It suggests that the Raman bands of spectrum c, except the band marked by asterisk, are attributed to Pnma-NaCl 3 ; and the weak band marked by asterisk is possibly resulted from the P4/mmm-Na 3 Cl [15] . This discussion, although different from Zhang et al [15] , is supported by the group theory analysis of P4/mmm-Na 3 Cl having two Raman active modes (E g + A 1g ). We will discuss the unexpected occurrence of Pnma-NaCl 3 in the NaCl + Na experiment in the later sections. The frequency-pressure relationship of the observed Raman bands in this study is plotted in Fig. 6 . The Raman shift of each bands either on decompression (black dots) or immediately after heating (red dots) is almost identical, and the Raman bands show no obvious discontinuity as pressure changing, which indicates that no phase transition occurring for NaCl 3 and the possible Na 3 Cl during decompression before they disappears. 4NaCl ----NaCl 3 + Na 3 Cl (1) However, the convex hull diagram for Na-Cl system at various pressures [15] suggests that NaCl is the most stable compound and will not decompose spontaneously in the wide pressure region. Most of the HPHT XRD experiments by using NaCl as thermal insulator also suggested the stability of NaCl. It is distinctly inconsistent with our Raman observations. We speculate that both the non-equilibrium process in our experiments and the possible catalytic effect of the transition metal oxides of LAMs used in this study may lead to the chemical decomposition of NaCl at HPHT. The sample assembly in this study, as illustrated above, generates inevitably large temperature gradient in the NaCl sample layers as laser heating. On the one hand, the obvious temperature gradient in the NaCl layers may result in the distinctly different reactive properties and behaviors from that of in equilibrium, and therefore, the chemical decomposition of NaCl at HPHT couldn't be described by equilibrium thermodynamics. On the other hand, NaCl chemical decomposition occurs at quite high temperature as observed in this study. The large temperature gradient in NaCl sample layers may lead to a small amount of NaCl to decompose, and therefore, the reactive products may be hard to detect by XRD measurement in this kind of experiment. However, Micro-Raman spectroscopy is mainly dependent on the polarized behavior of the matter be detected, and the amount is less important relative to the polarization for the intensity of the spectrum. In addition, it is well known that the transition metal oxides generally exhibit the catalytic behavior for chemical reactions. The superposition of catalytic effect on non-equilibrium state of NaCl layers may favor to the decomposition of NaCl at HPHT.
It seems puzzling that, however, the Raman spectrum observed at 40 GPa in the NaCl + Na experiment reported by Zhang et al [15] indicates the presence of the Pnma-NaCl 3 as discussed above. Evidently it violates the theoretical prediction of the stability of the Cl-rich NaCl 3 in the Na-Cl system [15] . To understand the paradoxical observation, we suggest that there are two chemical reactions occurring simultaneously in the NaCl + Na experiment. The one is the normal chemical reaction predicted theoretically and confirmed by the XRD measurement [15] :
NaCl + 2Na ----Na 3 Cl (2) and the other is the decomposition reaction of NaCl of chemical equation (1), which is also benefitted from the non-equilibrium process and the possible catalytic effect of Na metal. The feature of strong Raman bands of Pnma-NaCl 3 makes it to be observed although it may be a very small amount relative to the P4/mmm-Na 3 Cl.
conclusions
The Raman observations demonstrate clearly the chemical reaction of NaCl at high pressure above 31 GPa and high temperature about 1800±300 K in the laser heating DAC experiments. The Raman analysis suggests that the decomposition products of NaCl include NaCl 3 with orthorhombic Pnma structure and possible Na 3 Cl with tetragonal P4/mmm structure. It reveals that the competition of the unique Cl-Cl covalent bond and Na-Na metallic bond with the Na-Cl ionic bond may prefer the occurrence of the NaCl 3 and Na 3 Cl combination in the experimental environments.
The experimental observations in this study are obviously different from the theoretical prediction about the stability of NaCl at high pressure and most of the reported DAC HPHT experiments by using NaCl as thermal insulator. We consider that the chemical reactivity of NaCl is related to the large temperature gradient in the NaCl sample layers indicating the non-equilibrium state. The non-equilibrium thermodynamics complies with a series of rules much different from that of equilibrium thermodynamics, and we speculate that the large temperature gradient may prefer to enhance the chemical decomposition of NaCl. Moreover, the LAMs used in the experiments could also catalyze the decomposition of NaCl. Considering the requirement of higher temperature and the situation of the temperature gradient in the sample assemblage in the DAC experiments, the reactive products of NaCl may be a small amount and could be hard to detect by the XRD measurements due to the detected limit; however, the micro-Raman spectrum is sensitive to the polarization of materials be detected and the amount is relatively less important for the spectrum intensity.
Alkali halides usually show similar properties due to the analogous valence electronic structure. We consider that the chemical reaction could also appear in other alkali halides such as KCl and KBr at high pressure and high temperature in the non-equilibrium conditions. It is a new approach to investigate the distinctive non-1:1 stoichiometric alkali metal-halogen compounds that may display the exotic properties.
